The mating system was examined in two annual populations of eelgrass (Zostera marina), a marine angiosperm displaying subaqueous pollination. Multilocus genotyping using microsatellite DNA markers allowed the assessment of the pollen source based on single progeny as units of observation. Outcrossing was detectable by the presence of non-maternal alleles at one or more of the loci. In outcrossing cases, three microsatellite alleles were present in unripe seeds, consisting of both maternal alleles and the paternal allele composing the triploid primary endosperm. In ripe seeds, only the diploid embryonal genotype was ampli®able by PCR. Two intertidal populations situated in the German Wadden Sea were almost entirely outcrossing (t SE 0.96 0.03, N 60 and 0.97 0.029, N 37). Because of the high polymorphism displayed by the eight chosen microsatellites, representing a total of 69 and 76 alleles, the likelihood of erroneously inferring sel®ng was small (a 0.0026 and 0.0007). In order to study the correlation of paternity, the coecient of relatedness was determined within sibships. Relatedness (r SE) was calculated as 0.357 0.059 and 0.343 0.037, indicating multiple paternities within in¯orescences. Small amounts of tissue (£0.1 mg) such as the developing seeds of recently fertilized ovules, were sucient for PCRampli®cation. Hence, PCR-based methods, such as multilocus microsatellite genotyping, allow the detection of pollen origin early in the development of progeny. They will be useful to distinguish postfertilization processes such as selective abortion and germination from other prefertilization determinants of plant mating systems.
Introduction
The mating system of a plant describes how female and male gametes unite and transmit genetic information to the next generation. Information on the mating system is central for explaining the origin of within-and between population structure (Hamrick & Godt, 1991) , and the evolutionary potential of a plant species (Charlesworth & Charlesworth, 1987) . One major component of the mating system is the origin of pollen fertilizing an ovule. It may stem either from male organs or¯owers of the hermaphroditic maternal plant (resulting in sel®ng), or from a dierent plant, resulting in outcrossed progeny.
Hydrophilous pollination, the analogue of windpollination on land, occurs in only eight families of owering plants. It is thought to be a derived trait which evolved polyphyletically and is associated with a secondary adaptation to the submerged habitat (Les, 1988) . Data on the mating system are available for only two species with subaqueous pollination, the seagrass species Zostera marina and Posidonia australis (Ruckelshaus, 1995; Waycott & Sampson, 1997) . The lack of knowledge on the reproductive biology of aquatic angiosperms seriously impairs understanding of the evolutionary processes in these plant taxa (Barrett et al., 1993) .
For estimating the relative contribution of inbreeding and outcrossing, codominantly inherited genetic markers facilitate the distinction between maternal (selfed) and foreign (outcrossed) alleles in ospring genotypes. To date, most direct studies on plant mating systems have utilized the polymorphism of electrophoretically separable allozymes. The amount of genetic polymorphism displayed by these markers is often limited. Maximum-likelihood techniques using several progeny arrays each having many ospring have been developed to compensate for the lack of polymorphism (e.g. Brown & Allard, 1970; Ritland & Jain, 1981; Ritland, 1984) .
Except for one study in Callitriche hermaphroditica (Philbrick, 1993) , the potential oered by DNA-based markers for studying mating systems has not been realized. In particular, in aquatic angiosperms which display limited polymorphism in traditional Mendelian inherited markers (i.e. allozymes; Les, 1988) , DNA microsatellites may be alternatives to allozymes for mating system studies. The utility and statistical power of the method to infer correctly the origin of pollen was tested for progeny in two annual populations of eelgrass, Zostera marina, the dominant seagrass of shallow coastal zones of the northern hemisphere. For eelgrass, several polymorphic microsatellite loci have recently been described, allowing an assessment of its mating system to augment the sparse information existing for hydrophilous¯owering plants. An additional goal of this study was to investigate whether recently pollinated female¯owers with unripe and small embryos could be genotyped for several microsatellite loci, taking advantage of the capability of PCR to amplify only a few DNA copies.
Materials and methods

Study organism and sites
The study species, eelgrass (Zostera marina L.), is a marine angiosperm distributed widely through shallow sedimentary coastlines of Europe, North America and Asia. Reproductive shoots carry up to 15 in¯orescences that ripen successively (De Cock, 1980) . Each in¯ores-cence carries a row of up to 25 alternating male and female¯owers. Female¯owers have only one ovule; their number thus corresponds to the maximal number of seeds produced. Pollen grains are thread-like and transported passively to female stigmata by water movement (Cox, 1993; Ackerman, 1997a,b) . Within each in¯orescence, male¯owers ripen prior to the femalē owers, which is commonly interpreted as an adaptation to avoid self-fertilization and to ensure outcrossing (De Cock, 1980) . Eelgrass is self-compatible as demonstrated in arti®cial sel®ng trials (Ruckelshaus, 1995) .
I studied the mating systems of two eelgrass populations (Hooge, hereafter HO, 54°34.2¢N, 8°30.9¢E; and Munkmarsch, MU, 54°54.5N, 8°22.1¢E) situated in the intertidal zone of the German Wadden Sea. In contrast to many other locations where plants are perennial and reproduce both clonally and sexually, sexual reproduction predominates in both study populations as they overwinter entirely through seeds. Clonal propagation is restricted to ramet clusters of at most 20 shoots during one growth season (April to September), of which a maximum of ®ve may¯ower at the same time (T.B.H. Reusch, unpubl. data) . In both populations, 50 plants were sampled at random positions within a rectangular plot of 20´60 m at minimal distances of 1 m. Twenty fruiting shoots were chosen at random for a joint analysis of maternal and ospring genotype. In each of the selected maternal plants, three progeny stemming from the same in¯orescence were analysed (total number of genotyped ospring N 60 and 40 at HO and MU, respectively). Allele frequencies in the population were estimated based on the assay of all 50 adult plants.
Sample extraction and genotyping
The assessment of the mating system is based on a comparison of microsatellite multilocus genotypes between mothers and single ospring. Previously, 12 polymorphic markers for eelgrass Zostera marina have been developed (Reusch et al., 1999; Reusch, 2000) , eight of which were selected for this study based on their within-population polymorphism (Table 1 ). All microsatellite loci are perfect dinucleotide repeats, always dier in allele size by multiples of one repeat unit (i.e. two base-pairs), and possess no null-alleles. They conform to Mendelian inheritance and are not linked in both populations (T.B.H. Reusch, unpubl. data) .
Leaf samples and in¯orescences containing ripening ovules were preserved through drying on silica-gel. Between 0.02 and 2 mg of dried plant tissue (leaf), or et al., 1991) . When analysing seeds, their seed coat was removed prior to DNA extraction. After resuspension of Chelex beads and tissue, samples were frozen for 1±24 h to break the cell walls. Samples were then incubated for 1 h at 56°C. After 9 min at 100°C, the suspension was rapidly cooled on ice, vigorously vortexed for 30 s, and then centrifuged for 2 min at 800 g. The supernatant was stored at )20°C and 1 lL was used for DNA ampli®cation. PCR-ampli®cation conditions and microsatellite genotyping followed the protocols given in Reusch (2000) and Reusch et al. (2000) ; 33 PCR cycles were generally used for the ampli®cation of products.
Statistical analysis
Embryonal genotypes were interpreted as outcrossed if a novel allele not present in the maternal genotype was observed at any of the eight microsatellite loci. Assuming that there is no mutation, this is always a true inference. Those embryos displaying only maternal alleles at all loci could result either from sel®ng (true inference), or from a nondiscernible outcrossing event (erroneous inference). In a given population sample of maternal plants, the overall likelihood of a nondiscernible outcrossing event a is a function of the frequency of the maternal genotypes P and the allele frequencies p in the population (Shaw et al., 1981) . Following the notation of Weir (1996) the single-locus probability of not detecting an outcrossing event is:
where (always at locus l ) P lu,lu is the frequency of homozygous genotypes carrying alleles with the population frequency p lu , and P lu,lv is the frequency of heterozygous genotypes with the respective allele frequencies p lu and p lv . The multilocus probability of a nondetectable outcrossing event a is the product of all single-locus probabilities b l
In order to study the correlation of paternity, the coecient of relatedness was determined within sibships using the software RELATEDNESS RELATEDNESS 5.0.5 (Goodnight & Queller, 1999) . Eleven (MU) and 15 (HO) sibships, each containing three embryos from the same in¯orescence, were tested for relatedness (r of Queller & Goodnight, 1989) against the allele frequencies in the respective population, determined in 50 adult individuals. Con®-dence intervals of r were calculated by jack-kni®ng over sibships.
Results
All maternal plants, and 60/60 HO and 37/40 MU ospring, could be ampli®ed by PCR at all microsatellite loci. In unripe ovules (ovule dry weight 0.01±0.2 mg), the developing embryo displayed a triploid genotype if the mother was heterozygous and the pollen origin was outcrossing. Both maternal alleles and the novel allele from the parent pollen were successfully ampli®ed by PCR and were present in the electropherogram (Fig. 1a) . Angiosperms retain both maternal alleles in the embryo sac (primary endosperm) of developing fruits. The pollen containing two sperm cells fertilizes both, the diploid maternal embryo sac cell resulting in a triploid primary endosperm, and the female gamete resulting in the diploid zygote. In ripe seeds shortly The maternal allele at 128 bp has been dropped during meiosis and is hardly ampli®able in ospring. A new allele at 106 bp indicates outcrossing. In both panels, the un®lled peak at 100 bp is an internal lane standard.
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before detachment, only the two alleles of the novel ospring genotype were detectable, suggesting that at this stage, the number of DNA copies of the nonpreserved second maternal allele is too small relative to the embryonal DNA to be ampli®ed successfully. Sometimes, in the case of heterozygous maternal genotypes, the maternal allele which was lost during meiosis was still present, albeit with much smaller intensity (Fig. 1b) . Either way, for each locus, an outcrossing event was unambiguously scorable by the appearance of a novel, nonmaternal allele, regardless of whether or not the second maternal allele was ampli®able by PCR.
Outcrossing was detected in 58/60 (HO) and 36/37 (MU) of the ospring through the presence of nonmaternal alleles. The corresponding outcrossing rates 0 < t £ 1 1SE (assuming a binomial distribution) were 0.96 0.03 (HO) and 0.97 0.029 (MU). As a result of the high polymorphism displayed by the chosen loci, the expected fraction of nondiscernible outcrosses in the population sample, i.e. of ospring genotypes falsely ascribed to sel®ng, was small. At HO and MU, this fraction was only 0.0026 and 0.0007, respectively. Therefore, the estimate of the outcrossing rate t was not corrected by the expected fraction of ambiguous outcrosses as suggested by Shaw et al. (1981) because it would have changed the numerical value of t by less than 0.005.
The procedure could be streamlined by restricting the determination of outcrossing rates to the four microsatellite loci with the highest number of alleles per population (loci Zosmar CT-3, GA-2, CT-17H, CT-35). The remaining resolution would still be sucient to yield an error rate of a 0.0078 and 0.005 at HO and MU, respectively.
Within in¯orescences, multiple paternities within sibships occurred in both populations. Coecients of relatedness (r SE) were calculated as 0.357 0.059 (MU) and 0.343 0.037 (HO), indicating that ospring represented a mixture of true sibs (expected r 0.5) and half sibs (expected r 0.25). For both populations, on average slightly more than two of the three progeny had dierent fathers.
Discussion
This study found almost complete outcrossing in two eelgrass Zostera marina populations with predominantly sexual reproduction. Although these ®ndings are concordant with a previous study on the mating systems of Z. marina in the NE Paci®c (Ruckelshaus, 1995) , mating systems were found to dier among sites from predominantly inbreeding to outcrossing in the seagrass Posidonia australis from Australia (Waycott & Sampson, 1997) . Subaqueous pollination, or hydrophily, has been discussed repeatedly in the light of limited success of fertilization in the aqueous medium (Les, 1988; Cox, 1993; Philbrick & Les, 1996) . The sparse evidence available, mainly from the seagrass species mentioned above and one limnic angiosperm (Philbrick, 1993) , neither supports nor rejects a view of ineective hydrophilous pollination. More data on dierent species of aquatic plants have to be obtained before generalizations on the reproductive biology will become possible. At least in eelgrass, high outcrossing rates indicate eective crosspollination and, hence, transport of pollen through water motion. In addition, multiple paternities within embryos of the same infructescence suggest that the chances of female¯owers receiving foreign pollen are relatively high.
Filiform pollen in eelgrass and many other aquatic angiosperms is interpreted as an adaptation to maximize the capture rate of female stigmata (Cox, 1983) . Ackerman (1997a,b) extended simple diusion models of pollen capture and measured the current¯ow around fertile female¯owers. He found that besides direct pollen capture, the fertilization success is enhanced by two additional mechanisms, the rotation of ®liforme pollen, and a redirection of water¯ow towards the female¯ower downstream. The studies of Ackerman (1997a,b) based on the small-scale hydrodynamics, agree well with the ®ndings of high outcrossing rates in Zostera marina (Ruckelshaus, 1995; this study) using genetic markers.
The outcrossing rates reported here are the highest obtained thus far for a hydrophilous angiosperm. In a previous study conducted in eelgrass, Ruckelshaus (1995) determined the mating system in a perennial population of Zostera marina with an unknown degree of clonal propagation situated in the NE Paci®c. She found outcrossing rates (t SE) of 0.905 0.181 and 0.776 0.176 in 1991 and 1992, respectively, based on 352 and 402 progenies genotyped for two polymorphic allozyme loci. In the present study, 60 and 37 progeny yielded estimates of t SE of 0.96 0.03 and 0.97 0.029 at Hooge and Munkmarsch, respectively. As the con®dence intervals for the estimates of Ruckelshaus (1995) are relatively wide, it is not possible to evaluate statistically whether outcrossing rates at the present study sites are higher than in the NE Paci®c. I expect a higher outcrossing rate in entirely sexually reproducing populations such as Hooge and Munkmarsch than in perennial populations with a mixture of sexual and vegetative propagation. In the absence of clonal growth, matings between consanguineous ramets of identical genotypes are precluded (Handel, 1985) . In addition, vigorous tidal currents in the Wadden Sea area may eciently disperse pollen and foster outcrossing.
The high polymorphism of microsatellite markers in conjunction with their Mendelian (codominant) inheritance make them ideal candidates for the estimation of mating system parameters in plants. It was possible to assess whether ospring resulted from sel®ng or outcrossing using single ospring as units of observation, instead of estimating average rates over entire progeny arrays. Although each outcrossing event can be assessed reliably through the presence of at least one novel allele at any locus, two cases need to be distinguished when ospring carries only maternal alleles: either sel®ng was correctly inferred, or an outcrossing event was misidenti®ed because the foreign pollen carried alleles identical to the maternal genotypes at all loci. Committing the latter error of not detecting a true outcrossing event would lead to an overestimation of the sel®ng rate. However, in this study, the associated error probabilities were small in two eelgrass Zostera marina populations, suggesting a potential bias of the outcrossing rates of <1%. When the polymorphism displayed by the chosen microsatellite markes is high, as in this study, it will be unneccessary to adjust the estimate of t by the expected fraction of nondiscernible outcrosses.
The presented determination of outcrossing rates relies on several assumptions. First, the chosen loci must not be linked, an assumption that can be tested for in each population. Secondly, there must be no speci®c self-incompatibility associated with any of the pollenmother genotype pairings. Thirdly, pollen genotypes are supposed to be drawn from a random gene pool with uniform gene frequencies. This is a reasonable assumption for a predominantly outcrossing plant such as eelgrass and is not likely to lead to a strong bias in estimates of t in wind-and subaqueous-pollinated plant species in general. In contrast, species with high sel®ng rates and pronounced genetic substructure within populations will necessitate adjustments for consanguineous matings among genetically related individuals (Ritland, 1984) .
Multilocus estimation of mating systems based on the exclusion of discernible outcrossing events was developed in 1981 (Shaw et al., 1981) . However, its application was restricted because few plant populations display sucient variation at traditional Mendelian markers, i.e. allozymes. Microsatellites frequently have >5 alleles per locus per population and hence approach sucient resolution with relatively few loci. In Fig. 2 , the error rate a is presented as a function of the number of loci and alleles per locus. The curves reveal that an increase in allele number with a given number of loci rapidly increases the statistical power, more so than an increase in the number of loci assayed. Thus, few (5 or so) microsatellite loci with ³10 alleles will usually be sucient for analysing the mating system with a < 0.01.
Recently, multilocus microsatellite genotyping has been applied to assessing the paternity of tree seedlings (e.g. Dow & Ashley, 1996) . Although the distinction of self-and foreign-pollen parents is implicit in such studies, to the best of my knowledge, this is the ®rst study devoted entirely to the mating system to use microsatellite markers. One important goal in this study was to genotype the fertilized ovules soon after pollination. This way, it is possible to bene®t from the advantages oered by a PCR-based method. Minute amounts of tissue, containing only a few DNA copies, were sucient to obtain the multilocus genotype of recently fertilized ovules. In contrast, in assays based on allozymes or multilocus DNA ®ngerprinting (e.g. Vrieling et al., 1997) , ripe seeds need to be germinated prior to genotyping. If there is inbreeding depression and selection against ovules resulting from sel®ng, a nonrandom fraction of ospring is not available for assays which need seedlings for the analysis. In such cases, the mating system estimate will be biased towards more outcrossing. PCR-based methods allow the detection of pollen origin early in the development of seeds. They are therefore better suited to distinguishing post-fertilization processes, such as abortion and selective germination, from each other rather than prefertilization determinants of plant mating systems. Fig. 2 Curves for theoretical probabilities of erroneously inferring sel®ng (a, log-scale) as a function of the number of alleles (x-axis), and for dierent numbers of loci (dierent curves). For each locus, the alleles are assumed to have equal frequencies.
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